In female hamsters, the daily rhythm of LH appeared on the 15th or 16th day after birth with a peak occurring at about 16:00 h (14L:10D, lights on 06:00 h). Progesterone concentrations increased and became rhythmic a few days later. In serum samples collected at 14, 16, 18, 20, 25, 30, 40 and 60\p=n-\62days of age between 13:00 and 23:00 h, significant rhythms of serum cortisol and corticosterone concentrations were not detected before 25 days of age; furthermore, the phase of the rhythms did not stabilize to the adult pattern until about 40 days of age. As in the adult, significant rhythms were present in both sexes and the levels of cortisol were greater than those of corticosterone. Injection of pig ACTH (50 i.u./kg body wt, i.p.) significantly increased serum cortisol by 10 days of age, but corticosterone did not respond until 25 days of age. Thus, for cortisol at least, the appearance of 24-h rhythms in the serum is probably not dependent on the ability of the adrenal to respond to ACTH. Ovariectomy had no effect on the late afternoon surge of serum cortisol; similarly, adrenalectomy of immature females did not abolish the surge of LH. Ovariectomy did not alter the daily rhythm of pineal melatonin content and pinealectomy had no effect on the daily afternoon surge of LH. These results demonstrate functional independence of circadian rhythms in the pituitary\p=n-\gonadal axis and the pituitary\p=n-\adrenal axis of the immature hamster and also independence of daily rhythms of pineal melatonin and pituitary release of LH.
Introduction
The oestrous cycle of the Syrian hamster is an invariate 96 h in length, but is dependent on an intact circadian oscillator system localized to the suprachiasmatic nuclei (SCN) (Stetson & Watson-Whitmyre, 1976 ; Stetson & Anderson, 1980) . The circadian oscillator system and the associated neuroendocrine effector system matures before puberty; daily rhythms of LH and FSH begin at about 16 days of age (Smith & Stetson, 1980; Donham et al, 1984) whereas first ovulation occurs between 30 and 40 days of age.
Circadian rhythms also characterize the activity of the adrenal cortex and the pineal gland and are also derived from activity of the SCN (Moore & Eichler, 1972; Rusak & Zucker, 1979 ; Moore-Ede, 1986) . So far as we are aware, the ontogeny of rhythmic adrenal function has not been described for the hamster, but in the rat the circadian rhythm of circulating corticosterone develops between 20 and 30 days of age (Allen & Kendall, 1967; Takahashi et al, 1979) . The pineal is of particular interest because it is crucial to interpretation of environmental photoperiod in several seasonally breeding species (Goldman & Darrow, 1983; Stetson & Watson-Whitmyre, 1984) and regulates the timing of puberty in sheep (Foster et al, 1985) , the Djungarian hamster (Goldman et al, 1984) and perhaps the rat (Sizonenko et al, 1985) . The influence of the pineal appears to be expressed through the daily rhythm of melatonin. In the hamster the rhythm of pineal melatonin is first detectable at about 15 days of age (Tamarkin et al, 1980; Rollag & Stetson, 1981) , i.e. it coincides with that of the beginning of rhythmic function of pituitary-gonadal axis.
In the present studies the development of rhythmic function of the pituitary-adrenal axis was compared with that of the pituitary-ovarian axis. Extirpation of the ovaries, the adrenals, and the pineal was also used to determine the effect on rhythmic function of the other systems.
Materials and Methods
The Syrian hamsters (Mesocricetus auratus) used in these investigations were produced in the colony at the University of Delaware. The animals were maintained in a photoperiod of 14 h light/10 h darkness (lights on at 06:00h) and provided with food and water ad libitum. Young animals were weaned at 20 or 21 days of age, sorted according to sex and held 7-10 per cage. Adult females were individually housed; males were held 5-7 per cage.
Experiments. To assess the potential confounding effects of handling stress on serum cortisol concentrations, a preliminary study was conducted in which trunk blood was collected at timed intervals after disturbance typical of that preliminary to the normal collection of samples (including cage movement and handling of animals). No increase in serum cortisol values was found after disturbance for up to at least 7 min. These results agree with a report that, whereas 15 to 30 min of exposure to a novel environment progressively increased serum cortisol concentrations in hamsters, exposure for 5 min was insufficient to do so (Weinberg & Wong, 1986 ).
Blood samples (1 ml) were collected at 1-h intervals throughout the day from dioestrous females that were 4-10 months old. Each female was bled twice by cardiac puncture, at 4-day intervals. Serum hormone values from these samples were used to determine the ideal sampling times in subsequent studies with adult and immature animals. Thereafter, trunk blood was collected over a more restricted portion of the day (during that portion in which concen¬ trations of glucocorticoids increase and reach maximal values) to conserve animals. Blood was collected between 13:00 and 23:00h from 14-, 16-, 18-, 20-, 25-, 30-, 40-and 60-day-old males and females and serum cortisol and corticosterone concentrations were measured by radioimmunoassay (RIA). To compare the age of onset of daily rhythms of cortisol and corticosterone with that of ability of the adrenal cortex to respond to ACTH, pig adrenocorticotrophin (ACTH; Sigma Chemical Co., St Louis, MO) was injected once (i.p., 50 µg/kg body wt, in 0-9% (w/v) NaCl) at about 13:00 h and blood was collected 30 min later.
Surgical adrenalectomy, ovariectomy and pinealectomy were performed using pentobarbitone anaesthesia (65 mg/kg body wt). To determine the effect of removal of the ovaries on the glucocorticoid rhythms, both ovaries were removed at 15 days of age and blood samples collected at 13:00, 17:00 and 21:00 h at 30 days of age. To determine the effect of adrenalectomy on the afternoon surge of LH, the adrenals were removed after weaning at 21 days and the animals were killed at appropriate times at 27 days of age. Survival was promoted in the adrenalectomized animals by supplementing drinking water with 1% (w/v) NaCl and 0-2% (w/v) sodium saccharine. To determine the effect of ovariectomy on the pineal melatonin rhythm the ovaries were removed at 21 days of age and the pineal glands collected at 26, 28 and 30 days of age at hourly intervals throughout the 24-h period. Blood from these animals was assayed for serum LH and the concentrations found have been reported . To determine the effect of pinealectomy on the daily surge of serum LH, pinealectomy was performed at 15 days of age, before the onset of the daily surge of LH, and samples of trunk blood were collected at 13:00 and 17:00 h when the females were 30 days old.
Assays. Cortisol and corticosterone were measured in separate aliquants of each serum sample. Before RIA for cortisol, the serum samples (20-25 µ ) were diluted 20 with distilled water and heated for 20 min at 95°C to reduce binding of cortisol to endogenous proteins. Duplicate portions (100 µ ) were then transferred to assay tubes before addition of equal volumes of [l,2,6,7-3H]cortisol (10~2 pCi/tube; NEN Research Products, Boston, MA, U.S.A.) and antiserum (F3-314; Endocrine Research Products, Tarzana, CA, U.S.A.). For assay of corticosterone, 50 µ sera were first extracted with méthylène chloride. A trace of [l,2,6,7-3H]corticosterone (10~3 pCi) was added to each sample before extraction to determine methodological losses. The extracted sample was dried under N2 and redissolved with phosphate buffer and then samples (100 µ ) were transferred to duplicate assay tubes and to a scintillation vial. Equal volumes of tritiated corticosterone (10 "2 pCi) and antiserum (Endocrine Research Products, B3-163) were added to the assay tubes. For both glucocorticoid assays, the samples were incubated for 24 h at 4°C and then bound and free fractions were separated by dextran-coated charcoal.
The minimum amount of cortisol that was detectable was 30 pg/tube. Regression analysis of results of assays in which cortisol was added to charcoal-stripped hamster serum yielded coefficients of determination (r2) of 0-99 over the range of 50 to 800 pg/tube of added steroid. Intra-assay coefficient of variation (CV), as determined by repeated measurements of serum pools with high and low levels of endogenous steroids, is 8-6%; interassay CV, based on repeated measurement of the same pools in 11 assays is 14-7%. The antiserum cross-reacts significantly with the natural steroids 21-desoxycortisol (7-5% of cortisol at 50% bound), desoxycortisol (4-7%), cortisone (3-3%) tetrahydrocortisol (2-3%) and corticosterone 015% (as reported by the manufacturer).
The minimum detectable amount of corticosterone was about 20 pg/tube. Comparison of the results of assays in which samples were measured with and without chromatography (Celite column chromatography: method of Abraham et al, 1977) gave an r2 value of 0-90 (from 50 to 1500 pg/tube). Addition of corticosterone to charcoalstripped serum yielded good accuracy (5 ng/ml measured 5-8 + 0-30 ng/ml; 10 ng/ml, 101 + 1-8 ng/ml; 20 ng/ml, 19-9 ± 20 ng/ml). Intra-assay CV was 90% for repeated measurement of high and low level pools; inter-assay CV was 17-8%. The antiserum is highly specific; of 25 natural and synthetic steroids, maximum cross-reaction is with desoxycorticosterone (4%) (information provided by Endocrine Sciences). Cortisol cross-reacts 0-4% (verified in our laboratory).
LH and progesterone were measured as described by Donham et al (1984) . The sensitivity of the LH RIA is about l-5ng rLH-RP-2/ml and the inter-assay CV is 13-2%. The sensitivity of the progesterone assay is about 1-0 ng/ml serum with an inter-assay CV of 12-2%. For both LH and progesterone assays, intra-assay variance is less than interassay CV. Pineal melatonin content was measured as described by Stetson el al (1986) . Sensitivity of this assay is 5 pg/pineal ( = 0-5 pg/tube) and the inter-and intra-assay variances are < 15%.
Statistics. Statistical comparisons were made by non-parametric analyses (Wilcoxon-Mann-Whitney two-sample test and Kruskal-Wallis k sample test).
Results
As in previous experiments, by 16 days of age there was a significant (P < 001) afternoon surge in the concentrations of LH, which persisted and was even accentuated at 18-25 days of age (Fig. 1) . A late afternoon surge of progesterone was measurable by 18 days of age (P < 001) and this gradually increased through Day 25. In contrast, the appearance of the daily surges of adrenal glucocorticoids did not occur until 25-30 days of age (Fig. 2) . The concentrations of both hor¬ mones were uniformly low, frequently below the assay sensitivities, in samples collected at 16 and 18 days of age and are therefore not reported. The timing of the daily surges of LH and progester¬ one was relatively consistent as compared with those of cortisol and corticosterone; the peak of the figure. corticosteroid hormones appeared to drift, or be variable even into adult age (Figs 2 & 3) . A further difference was that, whereas the daily rhythm of reproductive hormones did not occur in males (data not shown), that of the adrenocortical hormones occurred in both sexes. The concentrations of cortisol exceeded those of corticosterone in both sexes and at all ages. There was, however, a significant rhythm (P < 005) of both hormones (Fig. 2) in cortisol levels by Day 10 of age (Fig. 4) , well before the appearance of a daily rhythm. There was an unexplained lack of response to ACTH at 20 days of age. In contrast, the smaller increase in corticosterone after such an injection was not significant until Day 30, which agrees well with the appearance of the circadian rhythm of corticosterone. Ovariectomy at 15 days of age failed to abolish the late-afternoon surge of cortisol when animals were killed at 30 days of age (Table 1) . Similarly, adrenalectomy did not abolish the midafternoon surge of LH in immature females when adrenalectomy was performed at 21 days of age and the animals were killed at 26 days of age (Table 2) .
Pinealectomy at 15 days of age did not prevent the normal late-afternoon surge of LH at 26 days of age (Table 2 ). In two separate experiments, ovariectomy at 21 days of age had no effect on the normal pattern of pineal melatonin, at 28 or 30 days of age (Fig. 5) . 4-6 ± 006 (8) 5-7 + 0-17(7) 22-7 ± 4-6 (5)* <40(4) 6-8 ±018 (6) 21-9 + 4-7 (6)* Values are mean + s.e.m. for the no. of hamsters indicated in the parentheses. *P < 001 as compared to 13:00 h group. Pinealectomy 15 30 0-9 + 0-4 (6) 7-6 ± 0-8 (6)* 1-4 + 0-4(4) 10-4 + 0-5(6)* 3-3 ±0-3 (5) 81 + 1-1(5)· 2-6 + 0-3(5) 9-2+1-4(6)* Values are mean ± s.e.m. of the no. of hamsters indicated in parentheses. *P < 001 as compared to the 13:00 h group. --, 30-day old) were ovariectomized at 21 days of age. Intact controls (-·-) were pregnant adult females. Dark period indicated by the shaded bar. = 6-8 in each group.
Discussion
The results reported here suggest that daily rhythms of function in the brain-pituitary-ovarian axis, the brain-pituitary-adrenal axis and the pineal gland develop independently. Twenty-four hour rhythms of cortisol and corticosterone were not detectable in the circulation until at least 25 days of age and thus trailed the appearance of a daily rhythm of circulating progesterone by about 1 week and that of LH and pineal melatonin by at least 8 days. Until at least 40 days of age, the daily afternoon surges of cortisol and corticosterone were variable in both phase and magnitude (Fig. 2) . In contrast, the rhythms of serum LH and progesterone appeared abruptly and were both robust and consistent (Fig. 1, also see Donham et al, 1984 see Donham et al, , 1986 see Donham et al, , 1987 .
The independence of the pituitary-ovarian and pituitary-adrenal axes is further illustrated by the lack of effect of adrenalectomy on the daily surge of LH and of ovariectomy on the afternoon surge of cortisol (Tables 1 and 2 ). Furthermore, pinealectomy did not prevent the normal appearance of the late afternoon surge of LH (Table 2) . Conversely, ovariectomy of immature hamsters did not significantly alter the nocturnal peak of pineal melatonin (Fig. 5 ). In this study, the pineal melatonin rhythm in intact animals represents tissue collected from pregnant adults (Day 5 of pregnancy). In many other experiments, pineal melatonin values of both juvenile and adult animals exhibit a pattern similar to that of the three groups examined in this study (Tamarkin et al, 1980; Rollag & Stetson, 1981; Stetson & Watson-Whitmyre, 1984) . In summary, these results suggest that circadian rhythms of pituitary gonadotrophin release are independent of pineal function and also that rhythms of pineal melatonin content are not affected by ovarian secretions.
Whereas the daily rhythms of LH and progesterone are present in the female hamster only, and are abolished by the administration of androgens to the neonate , 24-h rhythms of adrenocortical function did not differ consistently between the male and female (Figs 2 & 3) . For cortisol at least, the appearance of the daily rhythm, and specifically the late afternoon surge, did not depend on the competence of the adrenal cortex to respond to stimulation by ACTH, since the administration of ACTH elicited an adult-like increase in circulating cortisol as early as 15 days of age (Fig. 4) . In contrast, the rhythmic release of corticosterone may reflect adrenocortical maturation since the serum levels first increased after ACTH at 30 days of age.
It appears probable that each rhythm is an independent expression of a circadian oscillator system in the SCN and a set of neuroendocrine effectors. The appearance of these rhythms may represent, at least in part, maturation of the retinohypothalamic tract, the SCN or the necessary neuroendocrine effectors. In the hamster, completion of direct retinal projections to the SCN is delayed until the 2nd week after birth (Frost et al, 1979) and therefore coincides well with the start of adult patterns of rhythmic pineal and pituitary activity. Despite clearly demonstrated fetal metabolic rhythms (Reppert & Schwartz, 1983) , rhythmic neuronal output from the rat SCN may not occur until about 14 days of age (Shibata et al, 1983) . These reports and evidence that there is post-natal transformation of the gonadotrophin-releasing hormone cell subtypes (Wray & Hoffman, 1986) and that synaptic formation in the hypothalamus occurs at least until about the age of puberty (Matsumoto & Arai, 1976) suggests that neuronal maturation occurs after birth.
The adrenal cortex of the Syrian hamster secretes both cortisol and corticosterone in a rhythmic fashion. Albers et al (1985) also report 24-h rhythms of both cortisol and corticosterone and suggest that dominance of a particular steroid depends on time of day. We find that at all times and in both sexes cortisol is the major steroid. Since the amplitude of the cortisol rhythm is greater than that of corticosterone and since the increase of cortisol after stress is greater than that of corti¬ costerone (Guerrier et al, 1975; Ottenweller et al, 1985) there seems little advantage to the measurement of corticosterone in physiological studies of the hamster.
The Syrian hamster is apparently unique among species so far studied in the development of circadian rhythms of gonadotrophin release well before the pubertal stage. In the rat a circadian pattern of LH has been described between the ages of 13 and 18 days (Döhler & Wuttke, 1976) but this is apparently a transient expression. Later (30-38 days), a prolonged 'minisurge' develops which enhances ovarian secretion of progesterone and oestradiol in the peripubertal ovary (Urbanski & Ojeda, 1985a, b) . In this regard, the daily afternoon surges are as effective in stimu¬ lating the endocrine development of the ovaries as are constant high levels of LH and hence are a functionally more efficient means of achieving the increasing concentrations characteristic of the peripubertal phase. The daily surges in the female hamster, which develop by 16 days of age and persist until puberty, almost certainly serve the same function (Donham et al, 1984 (Donham et al, , 1986 (Donham et al, , 1987 and, in addition, stimulate development of the gametogenic ovary.
The temporal pattern of ovarian maturation in the hamster differs from that of the rat. In the latter, antral follicles develop several weeks before the first ovulations (Renneis, 1951) and ovulation can be induced prematurely. In the hamster, however, at the time of appearance of the daily gonadotrophin surges, the most advanced ovarian follicles consist of 2 or 3 layers of granu¬ losa cells (Greenwald & Peppier, 1968) . Between 14 and 21 days of age a marked hypertrophy of the interstitium occurs (and progesterone secretion is augmented). By Day 26 large secondary follicles are present, the first antral follicles are observed and the first spontaneous ovulations occur. It is at this time that ovulation can first be induced by administration of exogenous gonadotrophins (Greenwald & Peppier, 1968) . Prepubertal ovarian development in the hamster thus appears to be dependent on and regulated by the daily stimulation of circulating LH and FSH surges.
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